Vertebrate sexual dimorphisms are often expressed as differences in head morphology. Familiar examples include the hypertrophied brow of male gorillas (1, 2), prominent feather crests in numerous bird species, and the larger head of male skinks (3). Differences in head morphology are especially prevalent among the teleost fishes. Mature male dolphinfish, Coryphaena hippurus, possess a prominent bony crest on the anterior margin of the head (4), and the male humphead wrasse, Coris aygula, is characterized by a distinct forehead hump not found in females (5). Prior to spawning, males of several Pacific salmon species (Oncorhynchus spp.) develop dramatically different head morphologies from females; and during the mating season, many male cyprinids develop nuptial tubercles on their head (6). This synoptic list illustrates that sexual dimorphisms in head shape are both widespread and diverse.
Sexually dimorphic head shape is common in vertebrates from teleosts to mammals. Herein we document that cephalic sexual dimorphism is also found in the cartilaginous fishes (Chondrichthyes). Male bonnethead sharks develop a prominent bulge along the anterior margin of the cephalofoil at the onset of sexual maturity. This contrasts with the uniformly rounded anterior margin of adult females and juveniles and embryos of both sexes. The anterior cephalic bulge is produced by elongation of the rod-like rostral cartilages, and its appearance corresponds temporally with the elongation of the rod-like cartilages of the male intromittent organs (claspers). We propose that the rostral cartilage elongation is a byproduct of endocrinological changes at the onset of sexual maturity that stimulate growth of the clasper cartilages. The basal location of the chondrichthyan fishes within the vertebrate clade extends the earliest appearance of cephalic sexual dimorphism among the vertebrates.
Vertebrate sexual dimorphisms are often expressed as differences in head morphology. Familiar examples include the hypertrophied brow of male gorillas (1, 2), prominent feather crests in numerous bird species, and the larger head of male skinks (3). Differences in head morphology are especially prevalent among the teleost fishes. Mature male dolphinfish, Coryphaena hippurus, possess a prominent bony crest on the anterior margin of the head (4), and the male humphead wrasse, Coris aygula, is characterized by a distinct forehead hump not found in females (5) . Prior to spawning, males of several Pacific salmon species (Oncorhynchus spp.) develop dramatically different head morphologies from females; and during the mating season, many male cyprinids develop nuptial tubercles on their head (6) . This synoptic list illustrates that sexual dimorphisms in head shape are both widespread and diverse.
Cartilaginous fishes (Chondrichthyes) exhibit a variety of sexual dimorphisms. These include differences in external reproductive anatomy-males possess elongate intromittent organs (claspers) whereas females do not; differences in size-females are often larger than males (7, 8) ; differences in tooth morphology-many male batoids possess cuspidate teeth to grip their female mates during courtship and copulation (9 -11); and differences in skin thickness-some female sharks and rays possess a significantly thicker dermis than males (12, 13) .
Herein we document a previously overlooked sexual dimorphism in a well-studied shark species, Sphyrna tiburo (Linnaeus, 1758), the bonnethead shark. Bonnethead sharks are small, coastal hammerhead sharks (Sphyrnidae) from the most speciose shark order, Carcharhiniformes, and are distributed along both the Atlantic and Pacific coasts of North and South America (7). They are characterized by a broadly rounded, spade-like head (Fig. 1a) and have the least degree of lateral head expansion of all sphyrnid species (7). The bonnethead sharks used in this study were all incidental mortalities collected by long line and gill net sets at various locations throughout coastal Florida and the Florida Keys. Individuals were categorized into three developmental stages based upon total length (TL): embryos, Ͻ 32 cm TL; juveniles, 32 to 58 cm TL; and adults, Ͼ 69 cm TL. Adults were separated from juvenile sharks on the basis of the total length at which the claspers on the male shark begin to dramatically elongate at the onset of sexual maturity (Fig. 1b) . Individuals within the range of 58 to 69 cm TL were considered maturing and were excluded from analysis.
To determine whether the sexes can be distinguished on the basis of head morphology, we generated nonhomologous semi-landmarks (sensu 14) (Fig. 1a ) that were subjected to a Procrustes superimposition analysis (15, 16) . A Procrustes analysis (least-squares orthogonal mapping) is a technique for comparing two sets of data, in this case males and females, by using matching corresponding landmarks from each of the two data sets. The landmark coordinates from all individuals of one sex within a size class were used to generate a mean "consensus model" of a head. The method consists of minimizing the sum of the squared deviations by translating, rotating, and scaling the landmarks of one configuration (males) to match the other (females). The resultant deviations between corresponding landmarks are vector residuals that were subjected to a principal components analysis to determine whether the two configurations differed significantly from each other. The limitation of this technique was that we were forced to employ semi-landmarks to describe the outline of the head because distinct biologically derived landmarks along the anterior margin were lacking. The semi-landmarks were mutually correlated and provided a biased estimate of shape diversity by virtue of their reduced variability. Despite that limitation, we found significant differences in head shape for the adult size class.
The Procrustes analysis was repeated for each of the three size classes. A plot of the residuals on the first two principal component axes reveals that there is complete overlap in the head shape of embryonic male and female bonnethead sharks (Fig. 2a) . The first two principal components account for 78.2% of the variation, and there is no significant difference in head shape between the sexes (F 2,26 ϭ 0.065, P ϭ 0.9376). The juvenile bonnetheads also show overlapping distributions for the sexes, with the first two principal components accounting for 71.2% of the variation, and again, no significant difference in head shape between the sexes (F 2,28 ϭ 0.671, P ϭ 0.5193) (Fig. 2b) . In contrast to the earlier developmental stages, the adult bonnethead sharks demonstrate a clear separation between the sexes on the first two principal component axes (Fig. 2c) . The difference in head shape is highly significant between the sexes (F 2,58 ϭ 135.423, P Ͻ 0.0001), and the first two principal components account for 86.6% of the variation. The absolute length of the rostral cartilages did not differ significantly between the sexes across a full range of sizes from embryos to adults (Fig. 3) (ANCOVA: F 1,85 ϭ 1.097, P ϭ 0.2980). When tested among adults only, rostral cartilage length still failed to demonstrate a significant difference between the sexes (ANCOVA: F 1,34 ϭ 0.855, P ϭ 0.3617). However, when rostral cartilage length as a percentage of total length was compared between the sexes, males had proportionally longer rostral cartilages than females (ANOVA: F 1,37 ϭ 42.878, P Ͻ 0.0001).
This study is the first report of a sexual dimorphism in head shape for any shark species. The distinct bulge that develops at maturity along the anterior median margin of the cephalofoil in male bonnethead sharks is caused by elongation of the three rostral cartilages (Fig. 1a) . Because there is no significant difference in head shape between the sexes in embryonic and juvenile sharks, the difference in adults can likely be attributed to a developmental event linked to reproductive maturity. Clasper length plotted against total length for a subset of male bonnethead sharks used in this study. Clasper length increases dramatically at sexual maturity over a small range of shark size. Inset photographs highlight the difference in clasper size between embryonic and adult sharks. To quantify the difference in head shape between the sexes it was necessary to generate landmarks along the rounded anterior margin of the cephalofoil. The heads were severed in the transverse plane at the posterior margin of the lower jaw cartilages. A digital camera was used to photograph the dorsal surface of each head against a monochromatic background with a ruler scale within frame. Image analysis software (NIH Image ver. 1.63) was employed to generate an outline of the dorsal surface of the head and determine the position of the centroid. The radial distance from the centroid to the anterior margin of the head was measured at 4°increments from 0°at the level of the right eye to 180°at the level of the left eye (a) (cf. 11). These coordinates (vector angle, radius length) were then used as landmarks in a Procrustes superimposition analysis. We used only freshly frozen specimens for the analysis because preserved specimens might have introduced shrinkage artifacts.
At sexual maturity, the claspers of male chondrichthyan fishes, including bonnethead sharks, elongate dramatically (17, 18) . The claspers are modifications of the pelvic fins and are composed of cartilaginous elements that form a tube for the transfer of sperm into the reproductive tract of the female (19) . The elongation of the clasper cartilages at maturity corresponds temporally with the elongation of the rostral cartilages. We propose that the same mechanism responsible for stimulating the growth of the clasper cartilages has a secondary effect upon other long, thin cartilaginous elements. This elongation of rod-like cartilages could be mediated by either increased hormone production or the up-regulation of receptors for hormones involved in cartilage growth, although neither mechanism has yet been documented for S. tiburo (18) .
The fact that the absolute value of the medial rostral cartilage length did not differ between the sexes is not surprising. Whereas male bonnethead sharks have relatively longer rostral cartilages, the males are smaller than females (20, 21) , thus masking differences in the absolute length of the rostral cartilages. The highly significant difference between the sexes revealed by the Procrustes analysis demonstrates the power of that technique to detect subtle differences in shape. Because the Procrustes analysis is based upon numerous landmarks, it also indicates that the sexual dimorphism is characterized by a suite of changes along the anterior margin of the cephalofoil rather than by any single metric.
It is unlikely that the male cephalic bulge plays a functional role. Whereas the lateral expansion of the hammerhead shark head confers advantages for detection of prey via the electrosensory (22, 23) and olfactory systems (24) , the anterior cephalic bulge is relatively subtle and is unlikely to exert a strong selective pressure. Rather, it appears that the cephalic bulge is merely a secondary sexual characteristic produced as a byproduct of changes in the endocrine system at the onset of sexual maturity. Alternatively, a large cephalic bulge may be an honest indicator of the endocrinological health of the male. If mate choice is exercised by female bonnethead sharks, the cephalic bulge may be selected via sexual selection akin to the type of selection that occurs in female guppies that prefer to mate with the males who possess the largest tails (25) . However, because the cephalic bulge is rather subtle, a more direct indicator would be the size of the claspers.
The rostral cartilage elongation and consequent change in male head shape may have an effect on the feeding apparatus. Although we did not photograph or quantify the shape of the mouth, the cartilaginous jaw elements may also change concomitantly with the onset of sexual maturity in the males.
The smoothly rounded shape of the bonnethead shark cephalofoil highlights the rostral bulge seen in adult males. Although no other shark species has been shown to exhibit a cephalic sexual dimorphism, this may be due to the difficulty of detecting an increase in the length of the rostral cartilages in species with pointed snouts. Careful measurement of the heads of other shark species may reveal that rostral cartilage elongation at sexual maturity, with concomitant changes in head shape, is a widespread phenomenon among cartilaginous fishes.
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